The process of endospore formation in Bacillus subtilis is complex, requiring the generation of two distinct cell types, a forespore and larger mother cell. The development of these cell types is controlled and regulated by cell type-specific gene expression, activated by a s-factor cascade. Activation of these cell type-specific sigma factors is coupled with the completion of polar septation. Here, we describe a novel protein, YuaG, a eukaryotic reggie/flotillin homologue that is involved in the early stages of sporulation of the Gram-positive model organism B. subtilis. YuaG localizes in discrete foci in the membrane and is highly dynamic. Purification of detergent-resistant membranes revealed that YuaG is associated with negatively charged phospholipids, e.g. phosphatidylglycerol (PG) or cardiolipin (CL). However, localization of YuaG is not always dependent on PG/CL in vivo. A yuaG disruption strain shows a delay in the onset of sporulation along with reduced sporulation efficiency, where the spores develop to a certain stage and then appear to be trapped at this stage. Our results indicate that YuaG is involved in the early stage of spore development, probably playing a role in the signalling cascade at the onset of sporulation.
INTRODUCTION
Many proteins that were thought to exist exclusively in eukaryotes have, in fact, close homologues in prokaryotes. A milestone was certainly the discovery of a bacterial cytoskeleton (Jones et al., 2001 ). Today we know that, besides actin (MreB)-and tubulin (FtsZ)-like cytoskeletal structures, many proteins form polymer structures that serve as a scaffold for compartmentalization (CarballidoLopez & Formstone, 2007; Graumann, 2007) . In parallel to the new observations of subcellular organization of the bacterial cytoplasm, we also learned that the bacterial cell membrane is not the homogeneous liquid mosaic composed of lipids and proteins suggested by the original theory (Singer & Nicolson, 1972) . In fact, it became apparent that membrane proteins are also localized to certain membrane areas. The most prominent region is certainly the curved membrane at the cell poles. Several proteins are known to localize exclusively to pole regions. Examples include the pole-determining protein DivIVA (Marston et al., 1998) , bacterial chemoreceptors (Alley et al., 1992) , transport proteins (Romantsov et al., 2008) and many more. Other membrane proteins, such as peptidoglycan-synthesizing proteins, localize in helical patterns along the cylinder of rod-shaped cells (Daniel & Errington, 2003) . Similar to the non-homogeneous distribution of many membrane proteins, it has now been demonstrated conclusively that phospholipids and glycolipids also exhibit a laterally heterogeneous distribution within the membrane. The non-homogeneous distribution of phospholipids in bacterial membranes is best studied for negatively charged lipids, such as phosphatidylglycerol (PG) and cardiolipin (CL) (Kawai et al., 2004; Koppelman et al., 2001; Mileykovskaya & Dowhan, 2000; Nishibori et al., 2005) . Various functions have been attributed to CL in bacterial cells. Negatively charged lipids such as PG and CL have been shown to play a role in the recruitment of membrane-integral proteins that contain a charged amphitropic helix (Matsumoto, 2001) , in the activation of sensory proteins such as KdpD (Stallkamp et al., 1999) and in the localization and control of transporters involved in the osmostress response (Romantsov et al., 2008) , and they are thought to be involved in the formation of nonbilayer structures that promote membrane invagination and fusion during division and sporulation events (Dowhan, 1997) . Although the existence of heterogeneous lipid distribution in bacterial membranes is established, there is still controversy about lipid rafts in eukaryotic cells (Jacobson et al., 2007; Simons & Ikonen, 1997) . Initial studies revealed that certain membrane compartments could not be solubilized with Triton X-100 at low temperatures. These membranes were termed detergentresistant membranes (DRM) and they exhibit a buoyant density on sucrose gradients (Pralle et al., 2000) . Interestingly, various proteins can be co-isolated with the DRM. Among these proteins, flotillins (or reggies) were found in the DRM and hence are termed 'raft markers' (Lang et al., 1998; Stuermer et al., 2001) . Eukaryotic flotillins have conserved hydrophobic stretches and palmitoylation sites that target the protein to the DRM and anchor the proteins there (Morrow et al., 2002) . Bacterial homologues of flotillins have been described (Langhorst et al., 2005; Zhang et al., 2005) . Based on the primary sequence, the closest homologue of eukaryotic flotillins is found in the genus Bacillus. In the model Gram-positive bacterium Bacillus subtilis, the flotillin homologue, YuaG, is encoded in the yuaFGI operon. Expression of this operon is under control of the alternative sigma factor, s W (Huang et al., 1999) . s W -controlled genes are upregulated upon envelope stress (Wiegert et al., 2001) , usually mimicked by addition of alkali to the medium.
A recent report about a flotillin homologue from Bacillus halodurans (Zhang et al., 2005) describes the isolation of the B. halodurans flotillin from DRM, suggesting that the bacterial flotillins may also serve as microdomain markers. A structure of YuaF has recently been published and similarities between YuaF and NfeD proteins were pointed out (Walker et al., 2008) . NfeD proteins seem to coexist with SPFH domain-containing proteins. SPFH domains are found in all flotillins and hence a direct interaction between YuaF and YuaG was postulated (Walker et al., 2008) .
Here, we describe the subcellular distribution of the B. subtilis flotillin (YuaG) and its biological function. Our results show clearly that the s W -controlled yuaFGI operon is also transcriptionally upregulated during late stationary phase in a s W -independent manner. However, comparison of 10-N-nonyl-3,6-bis(dimethylamino)acridine orange (NAO)-stained CL/PG domains and YuaG localization revealed that YuaG is not found exclusively in PG/CL microdomains. A yuaG disruption mutant is impaired in sporulation, suggesting a role for the Bacillus flotillin in efficient celldifferentiation processes during spore formation.
METHODS
Media and growth conditions. Escherichia coli cells were grown at 37 uC in Luria-Bertani broth (LB) containing the appropriate antibiotics. Corynebacterium glutamicum cells were grown in brainheart infusion medium (Difco) at 30 uC. B. subtilis strains were grown at 37 uC in CH medium (Partridge & Errington, 1993) or sporulation medium (Sterlini & Mandelstam, 1969) , as indicated in the text. Antibiotics were used at the following concentrations when appropriate: spectinomycin, 50 mg ml 21 ; neomycin, 2.5 mg ml 21 ; erythromycin, 1 mg ml 21 ; chloramphenicol, 5 mg ml 21 (for B. subtilis); and carbenicillin, 100 mg ml 21 (for E. coli). Xylose was used at a concentration of 0.05-0.10 %, as indicated in the text.
Bacterial strains, plasmids and oligonucleotides. Strains, plasmids and oligonucleotides used in this study are listed in Table 1 .
Strain construction. All plasmid cloning was carried out in E. coli DH5a. In the case of pSG1154-yuaG pSG-SNAP-yuaG, the whole yuaG gene was amplified by using primers yuaG-pSG1154_for and yuaG-pSG1154_rev or yuaG-SNAP_for and yuaG-SNAP_rev, respectively (Table 1) . Amplified DNA was purified, digested by using the indicated restriction enzymes and cloned into the pSG1154 or pSG-SNAP vectors. The recombinant plasmids were transformed into B. subtilis 168. Integration into the amyE locus by a double-crossover event and subsequent selection of spectinomycin-resistant strains yielded strains DB001 (YuaG-GFP + ) and DB002 (YuaG-SNAP + ). Similarly, pMUTIN4-yuaG9 construction involved amplification of a central region of the yuaG gene, using the primers yuaGpMUTIN4_for and yuaG-pMUTIN4_rev (Table 1) and cloning with HindIII and BamHI. Strain DB003 (yuaG : : pMUTIN4) was constructed by transformation of pMUTIN4-yuaG9 and subsequent selection for erythromycin resistance. The knockout of the yuaG allele was verified by PCR using primer pairs Pspac_for/yuaGpMUTIN_rev and LacZ_rev/yuaG-pMUTIN_for. Isogenic strains harbouring a yuaG disruption and yuaG wild-type cells containing lacZ fusions to spoIIAB, spoIIQ and spoIVAB were constructed as follows. Chromosomal DNA from strains 700, BS5 : JH642 and 713 was transformed into yuaG : : pMUTIN4. Strains DB006, DB007 and DB008 were selected for chloramphenicol and erythromycin resistance and checked by PCR. A complementation strain, DB009, that expresses yuaG under the control of an inducible P xyl promoter was constructed. To this end, the coding region of yuaG, including a Shine-Dalgarno sequence, was cloned into vector pJPR1, giving vector pJPR1-yuaG. Strain DB003 was transformed with plasmid pJPR1-yuaG and transformants were selected on chloramphenicol, giving strain DB009. Strains DB010 and DB011 were constructed by transformation of KP646 and KP647 chromosomal DNA into strain DB003. Transformants were selected on chloramphenicol. Strain DB012, expressing yuaG-SNAP under P xyl control as the only allele of yuaG, was constructed by transformation of DB002 DNA into strain DB003 and subsequent selection on spectinomycin.
A 'knock-in' mutant was constructed by amplification of the 39 end of yuaG by using the primer pair yuaG-CFP_for and yuaGpSG1154_rev. The PCR product was cloned with KpnI/HindIII into vector pSG1186 (Feucht & Lewis, 2001 ) to give plasmid pSG1186-yuaG. B. subtilis cells were transformed with pSG1186-yuaG and transformants were selected for chloramphenicol resistance. Integration of the plasmid was checked by PCR. The resulting strain (DB015) expresses a C-terminal YuaG-CFP fusion under control of the wild-type promoter. Strain DB016 (YuaG-CFP + sigW : : neo) was constructed by transforming HB4247 (sigW : : neo) chromosomal DNA into strain DB015.
NAO staining. Cell cultures were grown in CH medium with appropriate supplements. An aliquot of cells was stained with NAO to a final concentration of 100 nM and incubated at 37 uC with shaking for 20 min before mounting on an agarose-coated microscope slide.
SNAP labelling. BG-430 (Covalys Biosciences AG) (excitation maximum, 429 nm; emission maximum, 484 nm) labelling solution was used to label cells of strain DB002. To this end, cells were precultured in CH medium and 400 ml culture was incubated with 1 ml labelling solution at 37 uC with shaking for 30 min. Cells were washed twice in 400 ml CH medium and incubated at 37 uC with shaking for 15 min.
Sporulation assays. Sporulation assays were carried out as described by Sterlini & Mandelstam (1969) . Freshly grown cells were diluted serially in CH medium and incubated at 37 uC overnight. Cell culture with an OD 600 of 1.0 was diluted to an OD 600 of 0.1 in CH medium and grown to an OD 600 of 0.8-1.0. Cells were sedimented at 7000 g at 37 uC for 4 min and resuspended in the same volume of warm sporulation medium. Samples were taken and flash-frozen at defined time intervals.
Sporulation efficiency assay. Sporulation assays were carried out as described above. Cells were grown in sporulation medium for 9 h. Alkaline phosphatase assay. p-Nitrophenyl phosphate (333 ml of 1 mg ml 21 ) in Tris/HCl (pH 8) was added to 500 ml sample. The reaction was stopped by adding 333 ml 2 M NaOH when a yellow colour was visible or after 1 h. Samples were centrifuged in a tabletop centrifuge for 5 min. Absorption of the p-nitrophenolate anion (A 420 ) was read against a blank. An enzyme unit is defined as the amount of enzyme releasing 1 nmol p-nitrophenol min 21 from the substrate at 30 uC (Grant, 1974) .
b-Galactosidase assay. b-Galactosidase assays were carried out essentially as described previously (Karow & Piggot, 1995) . Briefly, 400 ml lysis solution (200 mg lysozyme ml 21 , 100 mg DNase ml 21 and 1.25 % Triton X-100) was added to 200 ml sample and incubated for 10 min or until the cells were lysed. Two hundred microlitres of 4 mg ONPG ml 21 was added to samples. The reaction was stopped by adding 400 ml 1 M Na 2 CO 3 when a yellow colour was seen or after 60 min. A 420 was read against a blank.
DRM fractionation. DRM fractions containing only integral proteins were separated as described previously (Salzer & Prohaska, 2001 ). Cells of strain DB001 were grown in CH medium containing 0.05 % xylose to an OD 600 of 1.0, resuspended in ice-cold 1 % Triton X-100 in lysis buffer [10 mM Tris/HCl (pH 7.4), 1 mg RNase A ml 21 , 1 mg DNase I ml 21 , 0.5 mM PMSF, 5 mM MgCl 2 ], disrupted by a French press, incubated for 20 min on ice (controls were incubated at 30 uC) and centrifuged at 15 000 g for 10 min at 4 uC. The pellet was resuspended in 800 ml ice-cold 1 % Triton X-100 in TBS (10 mM Tris/HCl, 150 mM NaCl, pH 7.5) and mixed with an equal volume of 80 % sucrose in 0.2 M Na 2 CO 3 . This suspension was transferred to ultracentrifuge tubes, overlaid with 4 ml 30 % sucrose in TBS plus 1 % Triton X-100 and then with 3 ml 10 % sucrose in TBS plus 1 % Triton X-100. The mixture was centrifuged in an SW41Ti rotor (Beckman) for 15 h at 4 uC (41 000 g). Fractions (1 ml) were collected from the top, TCA-precipitated and subjected to SDS-PAGE (12 % gel).
Trichloroacetic acid (TCA) precipitation. One volume of 100 % TCA was added to 4 vols protein sample and incubated for 10 min at 4 uC. Samples were centrifuged at 10 000 g for 5 min at 4 uC. Supernatant was removed and the pellets were washed with 200 ml ice-cold acetone. Samples were centrifuged and washed again with acetone. The pellet was dried at 95 uC for 5-10 min and resuspended in buffer.
Lipid extraction. Lipids were extracted from DRM fractions by using a modified Bligh-Dyer method (Bligh & Dyer, 1959) as described by Ö zcan et al. (2007) . Cell-membrane fractions were incubated with chloroform/methanol (2 : 1, v/v) at 4 uC overnight and then filtered. Samples were centrifuged at 20 uC at 800 g for 10 min. The lower organic phase was isolated and washed with diethyl ether, a dextran gel slurry (Sephadex G-25 medium) and twice with chloroform. The extract was filtered and dried in a rotary evaporator, and samples were stored under nitrogen at 220 uC until they were analysed.
TLC. For analysis of polar lipids, a chloroform/methanol/water (65 : 25 : 4, v/v) solvent system was used. This solvent system was added to the TLC tank at least 30 min before analysis. Lipid standards (Sigma-Aldrich) were diluted to a concentration of 5 mg ml 21 . Silica gel 60 plates (Macherey & Nagel) were activated at 105 uC for 1 h. Sample (25 ml) and standards (5 ml) were spotted approximately 5 cm from the bottom of the plate. Plates were removed from the developing tank when the solvent front was about 2 cm from the top. The lipids were visualized by exposure to iodine vapours.
Membrane preparation. Cells were grown in LB containing 0.05 % xylose to an OD 600 of 0.8. Cells were centrifuged at 10 000 g for 10 min at 4 uC. The pellet was resuspended in 5 ml PBS (pH 7.4) containing EDTA-free protease inhibitor (Roche). Cells were disrupted by using a FastPrep (MP Biomedicals) and centrifuged at 10 000 g for 5 min at 4 uC. The supernatant was ultracentrifuged at 200 000 g for 30 min at 4 uC. The supernatant, representing the cytosolic fraction, was removed and stored at 220 uC until further analysis. The pellet was washed twice in 2 ml PBS buffer and ultracentrifuged at 200 000 g for 30 min at 4 uC. The pellet was finally resuspended in PBS (washed membrane fraction). The cytosolic and membrane fractions were subjected to SDS-PAGE (12 % gel) and immunoblotting.
Immunoblotting. Samples were subjected to SDS-PAGE through a 12 % gel and blotted onto a PVF membrane. The blot was incubated with anti-GFP (1 : 2000) at 4 uC for at least 1 h. The blot was then washed with sodium phosphate buffer and incubated with the secondary antibody, anti-rabbit conjugated with alkaline phosphatase (1 : 10 000) at 4 uC for at least 1 h. The blot was again washed with sodium phosphate buffer and developed with NBT/BCIP. FtsH antibodies (a gift from T. Wiegert, Department of Genetics, University of Bayreuth, Germany) were used at a 1 : 10 000 dilution and antibodies against subunit C of ATP synthase (a gift from G. Deckers-Hebestreit, Department of Microbiology, University of Osnabrück, Germany) were used at a 1 : 2000 dilution. ATP synthase antibodies were raised against the E. coli enzyme, but we observed cross-reactivity with the homologous Bacillus protein and hence used it in this study to detect ATP synthase in Bacillus membranes.
Fluorescence microscopy. Cells for microscopy were grown in CH medium with appropriate supplements and grown to the exponentialgrowth phase. An aliquot of cells was labelled, if necessary, with dyes as described above. For phase-contrast and fluorescence microscopy, 1-3 ml of a culture sample was placed on a microscope slide coated with a thin 1 % agarose layer and covered by a coverslip. For membrane or DNA staining, a 10 ml culture sample was mixed with 1 ml Nile red (12.5 mg ml 21 ; Molecular Probes) or 2 ml DAPI solution (1 mg ml 21 , 50 % glycerol; Sigma), respectively. Images were taken on a Zeiss AxioImager M1 equipped with a Zeiss AxioCam HRm camera. GFP fluorescence was monitored by using filter set 38 HE eGFP, BG-430 fluorescence and CFP were monitored by using filter 47 HE CFP, red fluorescence (NAO, Nile red) was monitored by using filter 43 HE Cy3 and DAPI fluorescence was examined with filter set 49. An EC Plan-Neofluar 6100/1.3 Oil Ph3 objective was used. Digital images were acquired and analysed with AxioVision 4.6 software (Carl Zeiss). Final image preparation was done by using Adobe Photoshop 6.0 (Adobe Systems Inc.).
RESULTS

Subcellular localization of YuaG
Many bacterial cells harbour a gene that encodes a flotillinlike protein. In B. subtilis, the yuaG gene encodes a protein that is highly similar (34.8 % identity and 55.6 % similarity to human flotillin-1) to eukaryotic flotillins. The yuaG gene is encoded in the yuaFGI operon and driven by a promoter in front of yuaF. This promoter is induced strongly by s predictions of YuaG suggest that the protein has an Nterminal transmembrane helix. The N terminus is predicted to face the extracellular space, whilst the C terminus is predicted to be cytoplasmic.
Eukaryotic flotillins are usually localized in a punctate pattern within the membrane (Lang et al., 1998) . To study the subcellular distribution of the B. subtilis YuaG protein, we constructed a translational YuaG-GFP fusion. To this end, the coding sequence of yuaG was cloned into the pSG1154 vector (Lewis & Marston, 1999) . The vector integrates into the chromosomal amyE locus and places the fusion gene under control of the inducible P xyl promoter to give strain DB001. To visualize the distribution of YuaG-GFP, cells were grown in CH medium with various inducer concentrations (0.05-0.1 %). In vegetatively growing cells, YuaG-GFP localized in a punctate pattern within the cell membrane (Fig. 1b) . The frequency with which the YuaG-GFP foci formed was dependent on inducer concentration. Overexpression of YuaG had no obvious phenotype. To study colocalization of YuaG and, for example, NAOstained membrane domains, we wanted to have a more versatile fluorescent tag fused to YuaG and therefore constructed a YuaG-SNAP fusion protein. SNAP-tag labelling offers the advantage of labelling the fusion protein with a variety of different fluorophores that are coupled to O 6 -alkylguanine substrates. Therefore, we removed the coding sequence for GFP from plasmid pSG1729 (Lewis & Marston, 1999) and replaced it with the coding sequence for the SNAP protein (Covalys Biosciences AG) (Keppler et al., 2004) . The yuaG gene was cloned into pSG-SNAP and the resulting plasmid was transformed into B. subtilis. Transformants (DB002) carried the yuaG-SNAP fusion gene (note that this is an N-terminal fusion) at the ectopic amyE locus under the control of the P xyl promoter. Similar to the YuaG-GFP fusion, the YuaG-SNAP fusion protein was distributed in discrete foci along the cell membrane (Fig. 1a) .
Expression of YuaG-GFP and YuaG-SNAP was driven by xylose induction and hence does not reflect the native transcription mediated by the yuaF promoter. To circumvent this problem, we constructed a 'knock-in' strain that expresses a YuaG-CFP fusion (strain DB015). Examination of YuaG-CFP foci revealed that only very few foci were visible during early exponential growth; however, an increasing number of foci were observed when cells entered the stationary phase (Fig. 1c) . Quantification of the YuaG-CFP foci revealed that the total number of foci increased steadily with the onset of the stationary-phase transition ( Fig. 1d ; Table 2 ).
To address the question of how the YuaG foci were distributed in the 3D space of the cells, a series of Z stacks were made. After deconvolution of the obtained Z stacks (iterative algorithm; Zeiss AxioVision), a 3D reconstruction of the YuaG-GFP fluorescence was made. The resulting 3D image revealed that YuaG is localized in spots around the cytoplasmic membrane (Fig. 2b, c) . The spots are always individual, but it seems that they follow a spiralling track within the membrane. Obviously, the spots are not just distributed randomly.
To verify the membrane insertion of YuaG-GFP, cytoplasmic and membrane fractions of YuaG-GFP-expressing cells were prepared and subsequently analysed by immunoblotting. Using anti-GFP antibodies, the YuaG-GFP fusion protein was detected exclusively in the membrane fraction (Fig. 1e) . A prominent band around 66 kDa was observed in the membrane fraction, which fits with the expected size of the YuaG-GFP fusion protein.
Interestingly, a higher-molecular-mass band (around 170 kDa) was also stained in the immunoblot. This might hint at a homo-oligomer of YuaG in the membrane. The cytoplasmic fraction did not show any signal in the immunoblot, confirming that YuaG is exclusively a membrane-integral protein.
We wanted to test whether the putative N-terminal transmembrane domain of YuaG is necessary and/or sufficient for localization. Therefore, experiments were performed in which the transmembrane helix alone (aa 1-60) and the soluble part (aa 60-509) of the YuaG protein were expressed independently as GFP fusions. Neither YuaG truncation was able to localize to the membrane correctly and GFP fluorescence was only visible in the cytoplasm (data not shown).
YuaG foci are dynamic
We were interested to see whether the observed YuaG foci would be static or dynamic within the bacterial cell. Therefore, we used time-lapse analysis to visualize YuaG foci over a defined time period. The YuaG-GFP-expressing strain was grown to mid-exponential phase in CH medium supplemented with 0.05 % xylose. An aliquot of these cells was mounted on CH agar-coated slides and GFP fluorescence was monitored in a time-lapse assay.
Results are shown for a series of images that were taken every 120 s (Fig. 2a) . It becomes immediately obvious that the YuaG-GFP foci are reorganized dynamically within the cell. Identical results have been obtained with the YuaG-CFP strain (DB015) that expresses YuaG-CFP under control of the wild-type promoter (data not shown). YuaG is co-purified with DRM Reports of a YuaG homologue from B. halodurans (Zhang et al., 2005) and of eukaryotic flotillins (Pralle et al., 2000) describe that flotillins reside in Triton X-100-insoluble membranes. However, DRM extraction from bacterial membranes is not an established technique compared with DRM purification from eukaryotic membranes. Therefore, we analysed the effect of Triton X-100 treatment under different conditions. We purified membrane fractions from YuaG-GFP-expressing B. subtilis (strain DB001; see Methods), extracted DRM with 1 % Triton X-100 at 4 u C and separated fractions by sucrose density-gradient centrifugation. The classical DRM extraction is performed at 4 u C, whereas higher temperatures result in complete solubilization of proteins. Therefore, we performed control experiments where the detergent treatment was performed at 30 u C and controlled for the effect of Triton X-100 in an experiment without detergent. Different fractions of the sucrose gradient were subjected to SDS-PAGE analysis and immunoblotting. We identified a band corresponding to YuaG-GFP in one of the top fractions of the sucrose gradient (Fig. 3a) , showing that YuaG is a buoyant protein that is co-purified with DRM. YuaG-GFP was also found in the higher-density fraction, but never in the bottom fractions. It might be possible that overexpression of YuaG-GFP via the P xyl promoter resulted in an excess of YuaG and, hence, not all YuaG was inserted into the DRM. However, a similar distribution has been described for eukaryotic flotillin purified from DRM of phagosomes (Dermine et al., 2001) . Interestingly, free GFP was detected only in the bottom fraction (band around 27 kDa, not shown), indicating that the band in the buoyant fraction contains exclusively proteins that were within DRM. In control experiments, we analysed the distribution of FtsH and ATP synthase (F0 part). Some of the FtsH was also found in the buoyant fractions, whereas the majority of ATP synthase subunit C was recovered in the bottom fraction (Fig. 3a) . In identical experiments without detergent, YuaG and FtsH were found in the high-density were prepared and were fractionated by sucrose-gradient centrifugation. Nine fractions were collected and TCA-precipitated. The precipitated proteins were resuspended and subjected to SDS-PAGE analysis and immunoblotting. (a) Shown are immunoblots developed with different antibodies. YuaG-GFP was detected by using an a-GFP antibody; FtsH and ATP synthase were detected by using a-FtsH and a-ATPase antibodies, respectively. Extraction with 1 % Triton X-100 (TX-100) was done at 4 and 30 6C as indicated. A control without detergent at 4 6C is shown. FtsH and subunit C of the ATP synthase were used as control proteins. Note that YuaG-GFP is present in the buoyant fractions, but not in the high-density fraction when detergent was added at 4 6C, whereas in contrast, a significant amount of the ATP synthase and to some extent FtsH is always found in the highdensity fractions. (b) Phospholipid content of the different sucrosegradient fractions was analysed by TLC. Controls show migration of phospholipids PI, CL, PG and PE. Numbers underneath the TLC plate correspond to the fractions of the sucrose gradient. Fractions 3-4 and 5-6 were pooled and analysed together. TLC results show that PG is present in the low-buoyant fraction (arrowhead). fractions, probably indicating higher-molecular-mass structures. Furthermore, we controlled for the effect of temperature in these experiments. When we performed the Triton X-100 treatment at 30 u C, the FtsH protein was shifted towards the bottom fractions (Fig. 3a) . YuaG was still found in floating fractions; however, the blot signals became very weak, indicating that the majority of the protein might have been completely solubilized. Immunoblot analysis of the supernatant obtained after detergent treatment at 30 u C revealed that YuaG was indeed almost completely solubilized under these conditions (data not shown).
In order to analyse which phospholipids are present in the floating fractions, a TLC analysis was performed. Therefore, total lipids were extracted from different fractions of the sucrose gradient (see Methods). After separation of the lipids on TLC plates and subsequent iodine staining, it became apparent that the floating fractions on the sucrose gradient revealed a phospholipid spot that migrated identically to PG, whilst the less buoyant fractions were enriched in PE (Fig. 3b) . The amount of PE seems to decrease with decreasing sucrose-gradient density, whereas inversely, the concentration of PG increases.
YuaG-and CL-rich microdomains have different localization patterns
In eukaryotic cells, detergent resistance in membranes is due to the incorporation of cholesterol and sphingolipids. However, the B. subtilis membrane is devoid of these lipids. Previous reports demonstrated the existence of CL microdomains in B. subtilis membranes (Kawai et al., 2004 (Kawai et al., , 2006 Matsumoto et al., 2006) . Distribution of the CL domains in B. subtilis membranes was described as polar-or septal-localized; however, CL patches also formed foci (Kawai et al., 2004) . Hence, we wanted to examine whether the YuaG foci that we observed (compare Fig. 1a-d) would colocalize with the CL patches in B. subtilis membranes. Therefore, we first used the well-established technique of NAO labelling to visualize the CL domains in B. subtilis (Kawai et al., 2004; Matsumoto et al., 2006; Mileykovskaya & Dowhan, 2000) . As described above, NAO binds electrostatically to negatively charged lipids such as PG and CL in B. subtilis membranes. Binding to PG is thought to occur in a molar ratio of 1 : 1 and leads to emission of a green fluorescence. In contrast, binding of NAO to CL results in a binding ratio of 2 : 1, giving a red fluorescence (Petit et al., 1992) . To visualize CL domains, we grew B. subtilis wildtype cells in CH medium at 37 u C to mid-exponential phase and added NAO to a final concentration of 100 nM (see Methods). Subsequently, cells were analysed microscopically. We readily observed green-and red-fluorescent patches in the cell membrane, which colocalized ( Fig. 3d ; Pearson-Manders coefficient, 0.92436 and 0.9846, respectively) . This confirms earlier studies showing that B. subtilis membranes contain patches of negatively charged lipids (Kawai et al., 2004) . As a control for the NAO stain, we used C. glutamicum cells, because C. glutamicum contains only negatively charged phospholipids and has a high CL content (Ö zcan et al., 2007) . Exponentially growing C. glutamicum cells were stained with NAO. Examination of the green and red fluorescence revealed that the plasma membrane of C. glutamicum was labelled uniformly with NAO (Fig. 3c) . Thus, in contrast to B. subtilis, C. glutamicum possesses no PG/CL microdomains. This control suggests that the inhomogeneous, patch-like distribution of PG/CL domains in B. subtilis is not a staining artefact. However, we realized that NAO-stained cells also exhibited a fluorescence that was detectable with the cyan filter set (Zeiss 47 HE, 436 nm/ 480 nm). Hence, colocalization experiments with the YuaG-CFP or the YuaG-SNAP strain were hampered. Therefore, we decided to analyse the distribution of YuaG-CFP during sporulation. It was described previously that almost all CL is localized to the prespore membrane in sporulating bacilli (Kawai et al., 2006) . We found that sporulating cells that were stained with NAO exhibited a strong fluorescence at the prespore membrane (Fig. 4) , confirming earlier results. In contrast, YuaG-CFP foci (the same was found for YuaG-GFP, data not shown) were still moving dynamically along the cell membrane (Fig. 4, right panel) . Localization of YuaG-CFP in sporulating cells suggests that YuaG is restricted to the mother-cell membrane.
Quantification of yuaG expression in vivo
A yuaG disruption mutant was constructed by insertion of the pMUTIN4 plasmid (Vagner et al., 1998) into the yuaG gene, giving strain DB003. The correct insertion of the plasmid was checked by PCR using specific primer pairs (see Methods). With the pMUTIN4 integration, we had a tool in hand that allowed assaying the transcription of YuaG during growth of strain DB003. Integration of pMUTIN4 places the lacZ gene under the control of the native yuaG promoter, which is in front of yuaF (Wiegert et al., 2001) . Growing cells were collected at different time points and b-galactosidase activity was measured. The results are shown in Fig. 1(f) . Transcription of the yuaFGI operon starts during stationary phase (Fig. 1f) . During later stages of sporulation, we observed weak (up to 6 Miller units) transcription of the yuaFGI operon (data not shown). This notion is important because we used the yuaG disruption mutant (DB003) to assay different sporulation-specific promoter activities, again with lacZ activity (Fig. 5b, m) . This was necessary because we have not yet succeeded in constructing a clean yuaG-null mutant. The reasons for this are not yet understood. We also analysed expression of YuaG in vivo by counting YuaG-CFP foci during growth of strain DB015. Similar to the results obtained with lacZ reportergene expression, we found that the number of YuaG-CFP foci (in strain DB015) increased dramatically during stationary phase (Table 2 ). The number of YuaG foci also increased upon alkaline stress (data not shown), suggesting increased expression under these conditions, as described previously (Wiegert et al., 2001) . We also analysed the expression of YuaG-CFP in a strain background lacking sigW (strain DB016) and found that YuaG-CFP foci were present in the stationary phase, comparable to wild-type cells (data not shown).
YuaG is involved in sporulation
As eukaryotic flotillins are often involved in developmental processes, we wanted to analyse yuaG mutant cells during sporulation. We reasoned that proteins that are expressed during stationary-phase transition could be involved in the onset of sporulation. We assayed the production of alkaline phosphatase (Sterlini & Mandelstam, 1969) in wild-type B. subtilis 168 and in the yuaG mutant strain DB003. Reproducibly, the production of alkaline phosphatase was delayed in strains lacking a functional YuaG protein (Fig. 5a ). (a) A yuaG disruption mutant (strain DB003) was assayed for alkaline phosphatase production during sporulation. Alkaline phosphatase production of a wild-type control (&) and the yuaG mutant strain (h) is shown. The x-axis shows the time after resuspension in sporulation medium; the y-axis shows enzymic activity in nmol ml "1 . (b-d) Sporulation block was tested with isogenic strains harbouring a yuaG disruption (yuaG : : pMUTIN4, h) and yuaG wildtype cells (&) containing lacZ fusions to spoIIAB (b, strain DB008), spoIIQ (c, strain DB006) and spoIVAB (d, strain DB007). Strains were induced to sporulate and samples were taken at intervals to analyse b-galactosidase activity. As a negative control, b-galactosidase activity for yuaG : : pMUTIN4 (strain DB003) is indicated by m in (b). All experiments were performed at least three times independently, with similar results.
As the onset of sporulation is controlled by the master regulator Spo0A, we set out to investigate the phosphorylation state of Spo0A. Transcription of spoIIAB is driven directly by high levels of Spo0A~P. In order to measure indirectly the level of Spo0A~P, we utilized a spoIIAB-lacZ fusion originating from strain 700 (Partridge et al., 1991) . To this end, DNA of strain 700 was transformed into DB003 to give strain DB008 (spoIIAB-lacZ DyuaG). Strains 700 and DB008 were induced to sporulate. LacZ production was monitored constantly. Results are shown in Fig.  5(b) . The onset of spoIIAB transcription was similar in strains 700 and DB008 (DyuaG). However, the peak of bgalactosidase activity was reached much later in the absence of YuaG.
Next, we combined a spoIIQ-lacZ fusion originating from strain BS5 : JH642 (Londono-Vallejo et al., 1997) with the yuaG mutant strain. Chromosomal DNA from strain BS5 : JH642 was transformed into strain DB003, giving strain DB006 (DyuaG spoIIQ-lacZ). The onset of bgalactosidase activity was delayed in strain DB006 (Fig.  5c ), indicating that progression of sporulation is delayed slightly in a strain lacking yuaG.
As a third, independent experiment to assay the involvement of YuaG in sporulation, we performed promoter-lacZ assays with a spoIVA-lacZ construct. Therefore, chromosomal DNA of strain 713 was transformed into the yuaG mutant strain (DB003). Strains 713 and DB007 (DyuaG spoIVAlacZ) were induced to sporulate and b-galactosidase activity was monitored. SpoIVA is transcribed from a s E -dependent promoter and thus depends on a closed spore septum (Stevens et al., 1992) . In the absence of YuaG, the onset of spoIVA transcription is delayed compared with the control strain 713 (Fig. 5d ). This result also supports the notion that sporulation is delayed and that the asymmetrical septum is not formed as efficiently in the absence of YuaG compared with wild-type cells.
Control experiments were designed to test whether expression of YuaG in trans would recover the DyuaG phenotype. To this end, strain DB009, which expresses yuaG under P xyl control as the only allele, was constructed. As an effective test for correct onset of sporulation, we counted the number of asymmetrical septa formed at different time points after the onset of sporulation. The results are summarized in Fig. 6(a) . Wild-type cells start to produce asymmetrical septa at around 90 min. In contrast, cells of strain DB003 (DyuaG) had almost no visible septa at this stage. Insertion of pMUTIN4 into the yuaG gene could cause polar effects on the downstream gene yuaI that might result in this phenotype. The pMUTIN4 insertion places yuaI under the control of an IPTG-inducible P spac promoter (Vagner et al., 1998) , hence addition of IPTG might alter the profile. The onset of sporulation in strain DB003 with IPTG present was shifted slightly (Fig. 6a) , which might indicate that YuaI could have some function with YuaG; however, the main phenotype observed in strain DB003 is due to loss of YuaG. When YuaG or YuaG-SNAP was expressed in trans upon addition of 0.05 % xylose (higher concentrations of inducer did not increase the complementation rate) in strains DB009 and DB012, respectively, the sporulation phenotype was recovered to a significant degree (Fig. 6a) .
In order to gain more data that can be quantified, we used strains that produce GFP under the control of spoIIQ-and spoIID-specific promoters. P spoIIQ is activated by the prespore-specific sigma factor s F and P spoIID by the mother cell-specific sigma factor s E . Strains KP646 and KP647 express GFP from an ectopic locus from P spoIIQ and P spoIID , respectively (Sharp & Pogliano, 2002) . P spoIIQ -driven GFP expression is restricted to the prespore compartment (Fig.  6d) , whereas P spoIID -controlled GFP expression is only in the mother cell (Sharp & Pogliano, 2002) (Fig. 6e) . We combined the yuaG disruption mutant with the KP646 and KP647 backgrounds, giving strains DB10 and DB11, respectively. After induction of sporulation, we quantified the amount of GFP fluorescence, counted the number of cells expressing GFP and recorded the timing of the onset of GFP expression. The results are summarized in Fig. 6 (be). Loss of YuaG leads to a decrease of s E -and s F -driven GFP expression, indicating that the closure of the asymmetrical septum is less efficient in cells that lack YuaG (Fig. 6b, c) . Strikingly, we also observed a significant increase in disporic cells [cells in which prespore compartments are formed at both cell poles; see Fig. 6(d, e) ]. Usually, disporic cells are only seen in s E mutants (Illing & Errington, 1991; Lewis et al., 1994) . This observation shows that loss of YuaG leads to late and inefficient activation of s E . Quantification of the production of heat-resistant spores revealed that the yuaG mutant strain has 66 % reduced sporulation efficiency compared with that of B. subtilis 168. It should be noted that 85 % (114 colonies tested) of the colonies that grew out from spores derived from the yuaG mutant strain lost the pMUTIN4 plasmid (percentage values of viable spores were therefore only based on the spores that maintained the pMUTIN integration into the yuaG locus). Because of the Campbell-type integration mechanism of the plasmid, the disruption can be reverted with the simultaneous loss of plasmid integration. Therefore, all colonies that grew from spores derived from the yuaG mutant strain were plated a second time on erythromycin plates. The high frequency with which we observed loss of the pMUTIN integration in the yuaG mutant strain during the sporulation assays supports the idea that YuaG plays an important role during sporulation of B. subtilis.
DISCUSSION
Here, we describe the characterization of a bacterial flotillin homologue from the Gram-positive model bacterium B. subtilis. Despite a number of publications describing the putative functions of flotillins in eukaryotes, their function even in well-understood systems remains largely obscure. A role of flotillin in the secretion of Wnt and Hedgehog, ensuring effective spreading of these signalling molecules, has been described (Katanaev et al., 2008) . Flotillins are involved in amyloid precursor protein clustering (Schneider et al., 2008) and T-cell activation (Simons & Toomre, 2000) . Recently, it has been shown that flotillins regulate cytoskeletal remodelling during neuronal differentiation (Langhorst et al., 2008) . Hence, directly or indirectly, eukaryotic flotillins are involved in developmental processes. Thus, it seems not surprising that the closest homologues of eukaryotic flotillins are found in Bacillus species such as B. subtilis. Bacilli are endosporeforming bacteria. Sporulation is a simple developmental programme of cell differentiation in which a cell differentiates into a spore compartment and a mother cell. This process has similarities to endocytotic processes and requires a complex signalling network (reviewed by Errington, 2003) . Sporulation is a severe commitment and is consequently regulated by a complex network. Different sporulation signals (e.g. nutrient shortage) are sensed by signal histidine kinases that feed phosphoryl goups into a phosphorelay. The final acceptor is the master regulator Spo0A. Spo0A~P acts as a transcriptional 
Wild-type DyuaG activator of a large regulon. Activation of the Spo0A regulon prepares the cell for spore formation. Here, we show that the B. subtilis flotillin (YuaG) plays a role in Spo0A~P formation. Although a yuaG knockout strain is only slightly impaired in the production of viable spores (34 % compared with wild-type cells), we found that the onset of sporulation is delayed. Formation of asymmetrical septa was delayed in the yuaG mutant strain, and promoter-lacZ fusions confirmed that transcription of the spoIIAB locus was initiated later in the yuaG mutant than in the wild-type. This suggests that the phosphorylation cascade leading to phosphorylation of the master regulator Spo0A is less efficient in the absence of YuaG. When a threshold level of Spo0A~P is reached, Spo0A~P initiates transcription directly of the Spo0A regulon (of which spoIIAB is a part) (Molle et al., 2003) . Hence, a delay in spoIIAB transcription is a direct measure of the cellular level of Spo0A~P. Thus, YuaG might have a role in a signalling cascade early on in sporulation. At this stage, we can only speculate whether YuaG is involved directly in the phosphorelay that leads to Spo0A~P formation or whether YuaG complexes are modulating the membrane and/or membrane proteins, leading to efficient sensing of environmental signals leading to sporulation. It is known that eukaryotic flotillins can be phosphorylated by EGFinduced tyrosine phosphorylation (Neumann-Giesen et al., 2007) . Similar to flotillins, the corresponding Src kinases were also shown to reside in DRM (de Diesbach et al., 2008) ; thus, concentrating kinases and flotillins in rafts might provide a platform where signal transduction is enhanced. However, so far we have not obtained evidence that YuaG is phosphorylated in B. subtilis. In eukaryotic cells, flotillins have been described as so-called 'raft markers' because the protein was identified in a DRM fraction isolated from murine lung tissue and it was found in the buoyant fraction of a sucrose density gradient (hence the name flotillin) (Lang et al., 1998) . We show that B. subtilis YuaG can also be isolated from DRM and that it is associated with negatively charged phospholipids. Although some of the FtsH protease was detected in the buoyant fractions, the majority of FtsH was found in the high-density fractions, whereas the ATP synthase was less prominent in low-density fractions. Thus, FtsH and ATP synthase behaved differently from YuaG in the DRMextraction experiments. Lipid analysis of the sucrose gradients obtained after Triton X-100 treatment revealed that the floating fractions were enriched in negatively charged PG, whereas the less buoyant fractions were enriched in the neutral phospholipid PE. Interestingly, localization studies of FtsH showed that the protein is enriched at the constricting septa (Wehrl et al., 2000) , where PG/CL concentrations are high (Kawai et al., 2004) . Probably, the localization of FtsH to sites with negatively charged lipids results in the isolation of a fraction of FtsH in the low-density fractions. ATP synthase is localized within the entire cytoplasmic membrane and is therefore unlikely to be concentrated in lipid microdomains (Johnson et al., 2004) .
The punctate localization of YuaG and the fact that eukaryotic homologues colocalize with specialized membrane microdomains tempted us to examine whether YuaG would colocalize with CL-rich domains that were described for B. subtilis (Kawai et al., 2004) . Visualization of CL domains in bacterial membranes has been achieved by using the lipophilic dye NAO (Kawai et al., 2004; Mileykovskaya & Dowhan, 2000) . Similar to previous reports, we observed that binding of NAO to bacterial membranes results in emission of a green and a red fluorescence. This effect has been attributed to binding of NAO to either PG (green fluorescence) or CL (red fluorescence) (Gallet et al., 1995; Mileykovskaya et al., 2001; Petit et al., 1992) . We could confirm earlier results that CL forms microdomains in B. subtilis (Kawai et al., 2004) . In contrast, NAO-stained microdomains have not been observed in the control strain C. glutamicum. We found, in B. subtilis, that the foci of green and red fluorescence colocalize, suggesting that the patches stained by NAO contain negatively charged phospholipids, but probably not exclusively CL. These foci were also found along the lateral axis of the cells. Thus, the localization of YuaG foci and CL domains has a similar pattern in vegetative cells. During sporulation, most of the CL and PG is localized to the prespore membrane; however, YuaG foci remained scattered all over the mother-cell membrane. Therefore, we conclude that YuaG is at least not always localized to CL/PG microdomains. In order to test whether the bacterial flotillin needs the N-terminal transmembrane domain to cluster into punctate foci, we constructed truncation mutants of YuaG. Experiments with truncated YuaG versions have shown that the transmembrane domain and the soluble domains of YuaG are necessary for correct subcellular localization.
Previous reports described expression of the yuaFGI operon by the alternative sigma factor s W (Huang et al., 1999) . Induction of s W -dependent gene expression has been attributed to envelope stress, such as alkaline shock. Here, we showed that transcription of the yuaFGI operon is upregulated in B. subtilis cells during the stationary-phase transition without external envelope stress. YuaG foci were observed in a strain lacking sigW; hence, it can be concluded that the yuaFGI operon has a s W -independent activation during the stationary phase.
